Many subjects despite having only a single X-linked pigment gene (single-L/M-gene subjects) are able to make chromatic discriminations by Rayleigh matching, especially when large fields are used. We used a combination of psychophysics (Rayleigh match), electroretinograms (ERG), and molecular genetic techniques to rule out several possible explanations of this phenomenon. Use of rods for chromatic discrimination was unlikely since strong adapting fields were employed and the large-field match results were not consistent with rod participation. A putative mid-to long-wavelength photopigment that escapes detection by current molecular genetic analysis was ruled out by finding only a single L/M photopigment in flicker ERGs from 16 single-L/M-gene subjects. Large-field match results were not consistent with participation of S cones. Amino acid sequence polymorphisms in the S-pigment gene that might have shifted the S cone spectrum towards longer wavelengths were not found on sequencing. The mechanism of chromatic discrimination in the presence of a single photopigment therefore remains unknown. Further possible explanations such as variations in cone pigment density and retinal inhomogeneities are discussed.
Introduction
The presence of at least two channels with differing spectral sensitivities is required for chromatic discrimination (Kaiser & Boynton, 1996) . Human color discrimination in the mid-to long-wavelength spectral region is based on the presence of two classes of photoreceptors, the M (mid-wavelength-sensitive) and L (long-wavelength-sensitive) cones. A reduction from two to one photoreceptor class should result in a failure of chromatic discrimination in this spectral region.
Since red/green color vision defects follow an Xlinked inheritance pattern (Horner, 1876) , the genes that code for the L and M cone photopigments are localized to the X chromosome (reviewed by Kaiser & Boynton, 1996) . The photopigment genes on the human X chromosome have been characterized, and variations in the number and molecular sequences of these genes have been reported. These variations are believed to underlie the common red/green color deficiencies and anomalies (Nathans, Piantanida & Eddy, 1986 ; Drummond-Borg, Deeb & Motulsky, 1988; Neitz, Neitz & Jacobs, 1989; Deeb, Lindsey, Hibiya, Sanocki, Winderickx & Teller, 1992) .
However, several puzzles remain in our understanding of the relationship between X-linked pigment genotype and color vision phenotype. Of particular interest in the present study, is that some individuals, who on molecular analysis have only one X-linked pigment gene (referred to here as single-L/M-gene subjects), can in fact make chromatic discriminations in the mid-to long-wavelength region of the spectrum (Nathans et al., 1986; Deeb et al., 1992; Sanocki, Teller & Deeb, 1897) . Other individuals with the same apparent genotypes exhibit the expected color discrimination failure. The reasons for chromatic discrimination in single-L/M-gene subjects, and its variability among these subjects, are not apparent.
Rayleigh match points and match ranges provide the standard method for describing and classifying red/ green chromatic discrimination. The Rayleigh match ranges of color deficient individuals have long been known to depend on test field size (Jaeger & Kroker, 1952; Scheibner & Boynton, 1968; Nagel, 1905; Smith & Pokorny, 1977; Nagy, 1980) , luminance (Pokorny, Smith, Verriest & Pinckers, 1979) and mode of presentation (Nagy, 1980 (Nagy, , 1982 . Rayleigh match ranges measured with large, bright, temporally alternating fields are typically smaller than Rayleigh match ranges measured with smaller, dimmer (but still photopic, i.e. \ 3 cd m − 2 ), steady bipartite fields; and many colordeficient subjects, including those with a single X-linked gene, change from behaving as dichromats to behaving as anomalous trichromats when the field size is enlarged (Smith & Pokorny, 1977; Nagy, 1980 Nagy, , 1982 Neitz & Jacobs, 1986) .
There are at least six possible explanations for the chromatic discrimination capacities of single-L/M-gene subjects, the variability among such subjects, and the effects of field size. First, rod photoreceptors might provide the second channel required for chromatic discrimination (Smith & Pokorny, 1977) . Second, it is conceivable that these subjects might express a second (novel) photopigment in the middle to long wavelength region (Nagy, 1980) , but that the gene that encodes for this pigment is somehow not detected by the currently used molecular techniques. Third, normal short-wavelength-sensitive (S) cones might have sufficient residual sensitivity in the mid wavelengths to provide the necessary second channel (McMahon & Macleod, 1998) . Fourth, the additional channel might be provided by aberrant S cones, with spectral sensitivity shifted toward the longer wavelengths.
Fifth, the optical density of the single available L or M photopigment might vary across photoreceptors (Sanocki et al., 1897; He & Shevell, 1995) . Such differences in optical density could produce differences in the shape (breadth) of the spectral sensitivity curve, thus providing the requisite second channel for color discrimination. Finally, retinal inhomogeneities (such as variations in pre-receptoral pigments or in photopigment optical density with retinal eccentricity) might provide a signal for discrimination.
The goal of the present experiments was to use a combination of psychophysical, ERG, and molecular genetics techniques to address the first four of these possibilities empirically. To address the first possibility, we measured Rayleigh matches in a population of single-L/M-gene subjects under conditions designed to minimize the effects of rods. We examined the second possibility-the presence of a novel photopigment that has escaped detection by current molecular techniques-by using flicker electroretinograms (ERGs) to characterize the spectra of the photopigments present in the retinas of single-L/M-gene subjects in vivo (Nuboer, van Nuys & Wortel, 1983; Neitz & Jacobs, 1984; Jacobs, Neitz & Krogh, 1996) , and to search for chromatic adaptation effects. The third possibility-participation of the short wavelength cones-was evaluated based on the large-field match end-points and the data and analysis of McMahon and MacLeod. We examined the fourth possibility-S cones with shifted spectral sensitivity-by characterizing the S pigment genes, both in subjects with a single L/M pigment gene and in a population of presumptively color-normal subjects. Neither ERG evidence for a novel pigment nor genetic evidence for shifted S cone pigments was found. The remaining possible mechanisms-retinal inhomogeneities and differences in photopigment optical density differences-are evaluated in Section 4.
Methods

General
The study was part of a larger investigation that included both color-deficient and color-normal subjects. The study was carried out in a double-blind manner. Rayleigh matches and ERG measurements were conducted in the laboratory of MC, while molecular analyses were conducted in the laboratory of SD. The results were kept separate until all analyses (psychophysics, ERG and molecular genetics) were completed.
Light calibrations of the equipment used for psychophysics and ERG were made with a United Detector Technology radiometer, a Gamma spectral radiometer and a Spectrascan 650 (Photo Research) spectral radiometer.
Subjects
Subjects were chosen from a larger group of colornormal and color-deficient subjects recruited through poster ads, word of mouth and a subject pool of psychology students. Classification of color deficiency was based on small-field Nagel anomaloscope matches and X-linked photopigment genes were characterized by molecular techniques (described below).
The subjects in the present ERG report were 16 males, each with a single X-linked pigment gene. Subject ages ranged from 18 to 69 years. Subjects ancestries were: 12 European, one African, two Asian, and one Middle-Eastern. Control subjects included 23 subjects with at least two X-linked pigment genes (eight deuteranomalous, seven protanomalous and eight color-nor-mals). Informed consent was obtained from all subjects and the experimental protocol was approved by the University of Washington Human Subjects Committee.
To test the shifted S-cone hypothesis, DNA samples were obtained from an earlier sample of 11 Caucasian deutans (Deeb et al., 1992) who had a single L-pigment gene as determined by molecular analysis. Eight of these 11 subjects tested as dichromats by small-field Rayleigh matches, and the remaining three tested as anomalous trichromats (Deeb et al., 1992) . DNA samples were also obtained from 74 unrelated Caucasian males of unknown phenotypes.
Psychophysics
The 16 single-L/M-gene subjects performed Rayleigh matches on two different instruments. Small-field (2°) color matches were performed using a modified Nagel anomaloscope (Deeb et al., 1992) . The wavelengths of the green, yellow and red primaries of this anomaloscope were 541, 592 and 647 nm, respectively. Large-field color matches were performed on a computer controlled LED anomaloscope (Pokorny, Smith & Lutze, 1989; Sanocki, Lindsey, Winderickx, Teller, Deeb & Motulsky, 1993) . On the latter instrument, the stimulus field was composed of an annulus (3°inside diameter, 9°outside diameter). The green, yellow and red primaries were 550, 586, and 667 nm, respectively. Mixture and comparison fields were presented in temporal alternation. Large-field matches were run in deutan mode for normal and deutan subjects and in protan mode for protan subjects. Retinal illuminances for the red and green LEDs in deutan (D) and protan (P) mode, respectively were: D: red= 576 td; green= 908 td; P: red=626 td; green=67 td.
Subjects (n= 14) who tested as anomalous trichromats on either instrument were retested under conditions designed to reduce possible rod contributions. These subjects were preadapted for 10 s to a large (64°) broad-band, white (CIE x =0.443, y = 0.429) adapting light (1.79× 10 6 scotopic td). Rayleigh discriminations were then tested between 3 and 8 min following the offset of preadaptation. This adaptation light was calculated to bleach 83% of the rod pigment (Alpern, 1971) . At 5 min, the proportion of bleached rod pigment is calculated to be 39%, well above the roughly 6% required to saturate the rod response (Rushton, 1965 (Rushton, , 1972 . For these 14 subjects, the match widths reported here are for the rod-bleached conditions. The remaining two subjects had full range matches even without a rod bleach.
Molecular analysis
X-linked pigment genes
Molecular genetic methods have been described previously (Winderickx, Battisti, Hibiya, Motulsky & Deeb, 1993; Yamaguchi, Motulsky & Deeb, 1997) . Briefly, the gross structure of the genes encoding the L and M cone opsins as well as the sequences of the coding and promoter regions were determined using quantitative PCR amplification followed by SSCP analysis. To determine the presence of Ser or Ala at position 180, exon 3 was PCR amplified and the products digested with Fnu 4HI. The predicted values of maximum absorption (u max ) of the resultant photopigments were inferred from data on photopigments expressed in vitro (Merbs & Nathans, 1992; Asenjo, Rim & Oprian, 1994) .
S-cone pigment genes
All five exons as well as exon-intron junctions of the S-cone pigment genes were examined for sequence variants by PCR amplification followed by SSCP analysis, as described in detail elsewhere Yamaguchi et al., 1997) . The oligodeoxynucleotide primers we used for amplification of the five exons were the same as those used by (Weitz, Miyake, Shinzato, Montag, Zrenner, Went & Nathans, 1992) except that the 5% GC clamps were omitted in our study. SSCP analysis was performed at two different temperatures (34 and 42°C) in order to maximize the probability of detecting sequence variants. DNA segments that displayed variant bands on the SSCP gel were sequenced directly as described previously Yamaguchi et al., 1997) .
Flicker electroretinography
Flicker ERGs were recorded using a three-channel Maxwellian view optical system with a circular field, 64°i n diameter. Procedures similar to those of (Neitz & Jacobs, 1984) were used. Briefly, a train of flickering pulses (35 Hz) of a monochromatic test light was interleaved with a train of pulses (35 Hz) from a fixed reference light (white or monochromatic) (Fig. 1A) . The luminance of the test light was stepped in small increments to determine the point at which the two lights produced ERG signals of equal amplitude and phase (the equation point) (Fig. 1B) .
The raw ERG was recorded at each luminance level using a DTL (Dawson, Trick & Litzkow, 1979) corneal fiber electrode, amplified, and collected with a National Instruments data acquisition board run from a Macintosh computer. The ERG signal was digitally filtered and chopped into segments corresponding to the test and reference response intervals. The chopped signals were subtracted from one another and then filtered to the final pulse frequency (70 Hz).
The amplitudes and phases of the 70 Hz signal were plotted as a function of test luminance (Fig. 1B) . The luminance at which the amplitude was minimized and the phase shifted by 180°was taken as the estimate of the equation point (arrow in Fig. 1B) . The equation points were estimated by eye and/or the data were simultaneously fit by functions (solid lines in Fig. 1B ) describing the response amplitude (a modified NakaRushton) and the phase (the cumulative sum of a gaussian distribution). The two methods of estimating the equation point produced equivalent results. The inverse of the test luminance at the equation point was taken as the measure of relative spectral sensitivity.
Spectral sensiti6ity
For spectral sensitivity measurements, monochromatic test lights (10 nm half-bandwidth) were flickered against a broad band white reference light (CIE coordinates x = 0.450, y= 0.444) with a retinal illuminance of 2300 td. Measurements were made in 10 nm intervals from 470 to 680 nm for normal observers, from 480 to 680 nm for deutans, and from 470 to 650 nm for protans. Spectral sensitivity values were corrected for average lens absorption using the tabled values from Wyszecki and Stiles (1982) and fit to standard photopigment absorption curves (Dawis, 1981) on a log wavenumber axis (Mansfield, 1985; Baylor, Nunn & Schnapf, 1987) . To reduce variability introduced by differences in preretinal absorption, standard photopigment absorption curves were also fit to data limited to the mid to long wavelength region (520-650 nm for protanopes and 550-680 nm for deuteranopes) in which preretinal absorption is minimized. Omitting the short wavelength data in this manner resulted in unsystematic changes of B 2 nm for all subjects, except for one older observer (age 69) with reduced sensitivity at the shorter wavelengths and hence a slightly more variable estimate of u max (3 nm).
Test-retest data were collected in separate sessions on three of the subjects. Test and retest data yielded u max values which differed by B 2 nm. These test-retest values are consistent with previous reports that the u max of the absorption spectrum can be estimated with a precision of about 91.5 nm with flicker ERG techniques (Jacobs et al., 1996) .
Chromatic adaptation
In addition to the spectral sensitivity measurements, chromatic adaptation techniques were also used to search for the presence of more than one cone type (Boynton & Wagner, 1961; . The relative spectral sensitivity of a 640 nm test light vs. a fixed 520 nm reference light was measured in the presence of 640 vs. 520 nm adapting lights. The luminances of the adaptation and reference lights were varied to optimize signals for the different classes of observers (520 reference light: 8000 td for normals, 13000 td for deutans, and 2500 td for protans; 520 nm adaptation light: 7000 td for normals, 15000 td for deutans, and 2500 td for protans; 640 nm adaptation light: 14000 td for all subjects).
As shown schematically in Fig. 2 , the presence or absence of a change in the equation point with chromatic adaptation was used as an indicator of the number of available photopigments in the tested spectral range. If only a single pigment is present, the equation point should remain unchanged (A = 0). If two separately adaptable photopigments are present, the equation point should change (A \0); and the more widely spaced the pigments, the greater should be the shift in equation point. This technique has been used successfully to discriminate among anomalous trichromats (Crognale, Teller, Motulsky & Deeb, 1998) and between dichromats and trichromats in both humans and monkeys (Jacobs et al., 1996) .
Results
Genetic analysis of the L/M gene locus
All 16 males selected for this study had a single pigment gene, either an L or an L/M hybrid gene. Each of these male color defectives had only an L pigment gene promoter which is known to be a single-copy (per haploid genome) sequence in the gene arrays of all red/green color deficient and color normal subjects so far examined. No M pigment gene promoter sequences were detectable. Furthermore, there was no evidence that any of these subjects had both L-and M-pigmentencoding sequences for any single exon.
The genetic analysis and inferred u max values of the X-linked pigment genes of the 16 single-L/M-gene subjects are shown in columns 2 -5 of Table 1 . These data confirm previous observations on the structure of Xlinked pigment genes (Nathans et al., 1986; Neitz, Neitz & Jacobs, 1991; Sanocki et al., 1993; Winderickx et al., 1993) . Single L pigment genes are common among deuteranopes (12 of 14 originally screened for in the present study) and single L/M hybrid genes are common among protanopes (four of eight originally screened for in the present study). Column 2 in Table 1 indicates the introns of fusion for the L/M hybrid genes of protans. In addition, the L pigment gene has either one of two commonly occurring alleles (serine or alanine) at position 180 (column 3 of Table 1 ). The M pigment gene also has a serine/alanine polymorphism at position 180, although it is less common than the L pigment polymorphism. There are also a number of other amino acid substitutions that affect the u max of the photopigment. For example, the Ile 65 Thr in the M pigment and the Ile 230 Thr and Ala 233 Ser substitutions in the L pigment were observed at frequencies of : 2.5-2.7% among Caucasian males . Sequence analysis of all exons revealed none of these rare substitutions among the subjects in this study. Therefore, among these 16 subjects with a single pigment gene, differences in amino acid sequence only at positions 180 (exon 3), 277 (exon 5) and 285 (exon 5) generated the pigments with different u max . The predicted u max values of the photopigments are shown in columns 4 and 5 from the data of (Merbs & Nathans, 1992; Asenjo et al., 1994) , respectively.
Rayleigh match ranges
The small-field and large-field Rayleigh match results for the 16 single-L/M-gene subjects are shown in columns 6-10 of Table 1 . For small fields, 12 of the subjects showed match ranges (column 7) at the instrument maximum (73 Nagel units) and were classified as either protans (P) or deutans (D) (column 6). Subject 3641, a deutan, had a small-field match range indicating Blank spaces indicate that measurements were not made. Point of fusion is indicated for those subjects with a fusion gene (column 2). Identification of serine or alanine at position 180 is identified (column 3). Predicted peaks of the molecular analysis are from (Asenjo et al., 1994 ) (column 4) and (Merbs & Nathans, 1992 ) (column 5). Small-field diagnosis (column 6) is indicated by D (deuteranope) and P (protanope). Small field match ranges (column 7), large-field match ranges (column 8) and large field end-points (columns 9 and 10) are indicated. The peaks of the best fitting visual pigment curve for the ERG spectral sensitivities (column 11) are indicated as well as the magnitude of the shift in spectral sensitivity for 520 and 640 nm test lights in the presence of longand middle-wavelength adaptation (column 12).
extreme anomaly when tested without a rod bleach, but matched over the full range after the bleach. Subject 3689, a deutan, had a match range of 70 on the small-field anomaloscope, but rejected the extreme green end of the range both with and without the rod bleach. Similar variations of small-field match ranges in single-L/M-gene subjects have been reported previously (Nathans et al., 1986; Deeb et al., 1992) . It was not possible to test the remaining three subjects on the Nagel anomaloscope. These subjects were classified as protanopes or deuteranopes on the basis of Ishihara and HRR plate tests, and large-field matches. The Rayleigh match ranges obtained with larger fields and higher luminances on the LED anomaloscope (column 8) are usually smaller. They are also much more variable, spanning most of the domain of available outcomes (0.105-1.0 LED units) with no clear segregation into subgroups.
The large-field match end-points are shown in columns 9 and 10. Note that for those subjects who refuse to accept all possible red -green mixtures (14 of the 16 total), all reject the red end of the match, while most (12 of 16) accept the green end as a match.
A graphical comparison of the small-field and largefield match ranges of these subjects is shown in Fig. 3 . The mean match ranges from eight normal subjects and 15 anomalous trichromats (Crognale et al., 1998) are also presented for comparison. As already shown in Table 1 , the small-field match ranges in most of the single-L/M-gene subjects consistently indicated dichromacy, while the large-field match ranges consistently indicated anomalous trichromacy but were highly variable across subjects. These data are in accord with earlier findings on the effects of field size (Nagel, 1905; Jaeger & Kroker, 1952; Scheibner & Boynton, 1968; Smith & Pokorny, 1977) and temporal alternation (Nagy, 1980) on Rayleigh match ranges in small-field dichromats and in subjects with a single-X-linked pigment gene (Sanocki et al., 1897) .
Flicker ERG
Spectral sensiti6ities
The u max values of the cone spectral sensitivities for the 16 single-L/M-gene subjects, as measured by flicker ERGs, are reported in column 11 of Table 1 . The peak sensitivities range from 560 to 566 nm for the deuteranopes and from 533 to 538 nm for the protanopes. As expected, those deutan subjects with alanine at position 180 show peak sensitivities at shorter wavelengths than those subjects with serine at position 180.
The ERG spectral sensitivity curves for four of these subjects (3728, 3641, 3560, and 3646) are shown in Fig.  4A for illustration. In Fig. 4A , the best fitting pigment curves have u max values of 534 and 538 nm for the protanopes and 560 and 563 nm for the deuteranopes. (Dawis, 1981) fit on a log wavenumber axis (Mansfield, 1985; Baylor et al., 1987) , with u max values of 563, 560, 538 and 534, respectively. (b) Predictions of u max from molecular analysis (using in vitro measurements of Asenjo et al., 1994) The fits to the data on the long wavelength side (14 data points) are excellent with mean squared errors of 0.00052, 0.0011, 0.00015 and 0.00058, respectively. The addition of a second pigment to the fitting procedure did not significantly improve these fits. These data and the observed test-retest reliability of 9 2 nm are consistent with the earlier report (Jacobs et al., 1996) that the flicker ERG technique reliably measures the u max of the expressed pigment to within 1.5 nm. Fig. 4B shows a comparison of the peak sensitivity of the pigment inferred from the present ERG spectral sensitivity measurements to the peak sensitivity inferred from sequence analysis (Asenjo et al., 1994) for 13 single-L/M-gene subjects (10-D; 3-P). The correlation between the ERG results and the in vitro estimates is 0.99. The high correlation of spectral sensitivity measured by flicker ERG with that inferred from genetic analysis strongly suggests that the in vitro genetic analysis is an accurate predictor of in vivo spectral sensitivity in human subjects (Neitz et al., 1991) .
Although there is an excellent correlation between the two measures, the u max demonstrated by the flicker ERG are 2 nm longer than those inferred by Asenjo et al. and 7 nm longer than those inferred by Nathans et al. The reasons for these systematic differences are unknown.
ERG adaptation effects
The magnitudes of the ERG adaptation effect are shown in the last column of Table 1 . The mean effect for the single-L/M-gene subjects was near zero (− 0.008 log units; S.E.M. =0.007), strongly suggesting that only one L/M photopigment is expressed in their retinas. Thus, the flicker ERG adaptation effect, like the genetic analysis, fails to reveal a second pigment in the Rayleigh region for these subjects. In contrast, the mean ERG adaptation effects from 13 anomalous trichromats and eight color-normal subjects (Crognale et al., 1998) were above zero-0.07 and 0.25 log units, respectively-suggesting the presence of at least two pigments in these subjects. Fig. 5 shows plots of the Rayleigh match range against the magnitude of the ERG adaptation effect in all three classes of subjects. The comparison to smallfield match ranges is shown in Fig. 5A . For most of the single-L/M-gene subjects the Rayleigh match ranges are at their maximal value (73 Nagel units), while the average ERG adaptation effect is near zero (− 0.0089 0.037). The two data sets consistently indicate the presence of only a single photopigment in these retinas. The anomalous and color-normal subjects have much smaller Rayleigh match ranges and larger ERG adaptation effects, indicating the presence of at least two pigments. The three groups are reasonably separated by both measures. In sum, for small-field Rayleigh matches, the amount of change in ERG spectral sensitivity resulting from chromatic adaptation is a good predictor of match range.
The comparison to large-field Rayleigh match range is shown in Fig. 5B . Although their ERG adaptation effects are uniformly near zero, and thus provide evidence of only one pigment type, the single-L/M-gene subjects show widely varying large-field Rayleigh match ranges. Thus, these subjects make large-field chromatic discriminations despite the presence of only a single pigment in the mid-to long-wavelength region of the spectrum. For large-field matches, the change in ERG spectral sensitivity with chromatic adaptation is a poor predictor of match range within the group of single-LM-gene dichromats.
Finally, Fig. 6 shows the magnitude of the ERG adaptation effect in comparison to the pigment separation inferred from molecular sequence analysis. Mean data from anomalous and normal trichromats are again included for comparison. All of the single-L/M-gene subjects have been assigned a pigment separation of zero, and show adaptation effects not statistically different from zero. Normal subjects and anomalous trichromats have greater inferred pigment separations, and show larger adaptation effects as predicted. Thus, predictions of pigment separations by ERG adaptation analysis correlate well with those inferred from molecular analysis (r =0.88). These data confirm that the molecular analysis of gene structure (including the inferred separation of u max determined by in vitro expression of pigments) is a good predictor of the inferred separation of u max as expressed in vivo in human subjects (Neitz et al., 1995) .
Genetic analysis of the S-cone locus
Finally, molecular analysis of the gene encoding the S-cone photopigment indicated a common sequence polymorphism in exon 2. Upon sequencing, the polymorphism was shown to be due to a silent substitution (A -C) in the third position of codon 122. The frequency of the C allele was 0.41, which makes it a useful polymorphic marker for this locus. However, since this alteration results in no change in amino acid sequence, this substitution would have no impact on the spectral characteristics of the pigment. No other substitutions were found in the coding sequences and exon -intron junctions.
Discussion
As mentioned in Section 1, at least six mechanisms have been proposed to account for chromatic discrimination in individuals with a single X-linked pigment gene. These include the participation of: (1) rods; (2) novel cones; (3) normal S cones; (4) spectrally shifted S cones in the mid-to-long wavelength spectral region; (5) differences in photopigment optical density; and (6) retinal inhomogeneities.
Rods
Rod participation may allow some dichromats to make Rayleigh discriminations (Smith & Pokorny, 1977) . However, even when rod contributions have been minimized by preadaptation to intense bleaching lights or concurrent short wavelength adaptation, largefield color discriminations and individual differences in large-field color discriminations remain among subjects who test as dichromats on small-field matches (Nagy, 1980; Sanocki et al., 1897) . It is likely that the influence of rods on Rayleigh discriminations in the present study was negligible for the following two reasons: First, the intensity of the bleaching light in these experiments was sufficient to drive rods well into saturation. Even after 5 min, the amount of bleached rod pigment (39%) was far greater than the : 6% bleaching required to drive rods into saturation (Rushton, 1972) . In addition, the reported estimate of photopigment remaining after 5 min is conservative because the calculations did not take into account slowing of rod regeneration kinetics due to the relatively high luminance of the match fields themselves. Secondly, the matching behavior of the subjects were not predicted by rod photopigment. Calculation of the match point based on absorption by rhodopsin and the L cone pigment (in deutan mode) predicts a match near the red end of the range (0.838). In contrast, all of the small-field deuteranopes who showed large-field discrimination rejected this R/G ratio as a match and accepted a match near the green end where rod/L cone mediated signals should allow discrimination. Similarly, in protan mode, the predicted match for a rod pigment and an M cone pigment falls at the extreme red end (0.988). However, the protan observers consistently rejected the extreme red end of the match. Only one observer (3560) had a match range that barely included the predicted match point. The match range for this and other protan subjects were not centered around the predicted match but rather were centered towards the middle of the R/G ratio scale, where rod/M cone mediated discrimination should be sufficient to reject the match. For these two reasons, rod contributions were not considered a sufficient explanation of large-field dichromacy in these single-L/M-gene subjects.
Expression of no6el L or M photopigments
This explanation would require that the gene encoding such a pigment is not detected by currently used molecular techniques. We examined this possibility by testing for the presence of additional photopigments with flicker ERGs using both spectral sensitivity and adaptation measures. This technique is a reliable indicator of the presence of additional photopigments in both new world monkeys and anomalous humans even when the pigment spectra are closely spaced (Jacobs et al., 1996; Crognale et al., 1998) . No evidence for a novel pigment was found in either measures of spectral sensitivity or tests of univariance using chromatic adaptation. The u max of the novel photopigment would have to be very similar to that of the other pigment, in order not to be detected by the ERG technique. We would then be forced to posit two novel pigments, one for the protans and one for the deutans, each of which would be nearly identical to the L/M pigment that is already known. We therefore consider this candidate explanation unlikely. However, it is possible though unlikely, that very small quantities of an additional pigment might not be detectable by the ERG procedures and that the gene for this pigment was not detectable by current molecular techniques. The high concordance between ERG results and genetic data in humans and other species (Neitz et al., 1991; Asenjo et al., 1994; Neitz et al., 1995) argues against this possibility.
Interestingly, there is some variation ( 5 nm) in the ERG-based estimate of u max among subjects with pigments of the same u max as inferred from genetic analysis. At first glance, this might be attributed to measurement error in the ERG. However, as noted, repeat ERG measurements of u max on individual subjects seldom differed by more than 2 nm. It is therefore unlikely that the differences between individuals within a predicted pigment class are purely a result of measurement error. Systematic shifts introduced by individual differences in density of pigments in the optic media, and shape variations introduced by differences in cone photopigment optical density were not incorporated into the ERG fitting procedure; these factors may contribute to individual differences. For example, a doubling of the lens density values shifts the estimated u max by almost 2 nm even when fits are limited to data points \540 nm. Similarly, a change in actual optical density from 0.25 to 0.45 would cause a shift in the peak of the best fitting pigment curve (that assumes near zero optical density) by 1.4 nm towards longer wavelengths.
Participation of normal S cones in the Rayleigh match
Although quantal absorption by normal S cones is believed to be negligible in the Rayleigh region at usual light levels, it has been demonstrated that at sufficiently high light levels the S cones can contribute to color discrimination within the Rayleigh region (McMahon & Macleod, 1998) . The possibility that S cones can be contributing to the present results is unlikely for the following two reasons: (1) As in the case of rods above, the prediction of a quantal match using the S cones and either the L or M cones falls at the extreme red end of the R/G ratio (0.838 and 1.00 in deutan and protan modes, respectively). None of the dichromats who made large-field discriminations (n =14) accepted these settings as a match. These subjects instead had match ranges that typically included the green end where S-cone mediated discrimination should be improved. (2) Calculations based on the data of McMaohn and Macleod (1998) indicate that even at the highest light levels employed here for the red primary (608 tds), discrimination would not be possible between the yellow and the red primaries based on the S cones. The data of McMahon and MacLeod at 10000 tds show an asymptotic loss of S-cone mediated discrimination at 600 nm. The present matches were performed at 608 tds which is about 1.2 log units below 10000 tds. The spectral sensitivity of the S cones in this region predicts a shift in wavelength of 39 nm for a 1.2 log unit decrease in intensity, putting the upper limit of S-cone discrimination at 561 nm. This limit would not allow discrimination between the red and yellow primaries based on S cones. In contradiction to this argument, all of the dichromats who showed large-field discrimination were able to discriminate between the red and yellow primaries. It should be noted that large differences in S cone sensitivity between observers, perhaps due to differences in the number of S cones or in photopigment density, might allow for discrimination in some observers. This possibility is unlikely however because the requisite S-cone sensitivities would be far greater than those reported by McMahon and MacLeod.
Spectrally shifted S cones
From the data of McMahon and MacLeod it can be estimated that at the highest light levels used in the present experiment, a shift of 25 nm towards the long wavelengths would be required for short-wavelength cones to begin to contribute to color discrimination between the red and the yellow primaries of the largefield match. If the tuning of S-cone pigments follow those of the X-linked pigments, then it is possible that such a large shift could come about by as few as two amino acid substitutions (e.g. at positions 277 and 285 in exon 5 for L/M pigments). However, calculations show that to account for the large-field match endpoints of the deutans, the putative S-cone photopigment would have to be shifted over 110 nm to a position between the normal L and M pigments. It is not currently known how many mutations would be required to produce such a large shift in peak sensitivity.
Our results from molecular analysis of the S-cone photopigment genes in a population of single-L/M-gene subjects and a larger population of normal subjects revealed only a single common polymorphism that was silent. No other substitutions were found in the coding sequences and exon-intron junctions. Unlike the L and M pigment genes, the S pigment gene apparently does not contain important amino acid polymorphisms, at least in the Caucasian population studied. Thus, it is unlikely that shifted S cones produce the observed Rayleigh discriminations among single-L/M-gene subjects. Thus four possible explanations for our findings were addressed empirically in this work and could be rejected.
Variations in optical density
Putative variations in cone photopigment optical density of the single available L or M photopigment (Sanocki et al., 1897; He & Shevell, 1995) remain as a possibility since the action spectrum of a photoreceptor depends not only upon its particular opsin, but also upon photopigment concentration. Due to self-screening of photopigment molecules, higher concentrations of photopigment broaden the absorption spectrum while more dilute concentrations yield narrower absorption spectra. Thus, two photoreceptors containing identical photopigments but with different concentrations will have absorption spectra that differ in width, and thereby provide the requisite signal for color discrimination.
The effects of cone pigment optical density differences upon chromatic discrimination have been modelled in detail (He & Shevell, 1995) and used to analyze the Rayleigh match widths of color-deficient subjects (Sanocki et al., 1897) . The results clearly demonstrate that color discrimination of individuals with pigment separations less than a few nm (including in particular, a separation of zero) can in principle be greatly enhanced by differences in optical density between classes of cones. The match ranges predicted by pigment separations of zero and differences in optical density greater than about 0.1 do not include the extreme red end of the match, consistent with the present data.
It is probable that in our ERG adaptation experiments, the high light levels (from 3.7 to 4.5 log tds) lowered optical density enough to decrease differences in optical density between cones (Burns & Elsner, 1985; Shevell & He, 1997) . In addition, the measurement of relative spectral sensitivity between a 520 and 640 nm light is less sensitive to broadening of the spectrum than it is to shifts in u max . For example, a shift in u max from 560 to 559 nm produces a slightly greater change in relative spectral sensitivity at 520 and 640 ( 0.030 log units) as does a sizeable change in optical density from 0.45 to 0.35 (0.023 log units).
The present experiments cannot rule out optical density differences in cones that all contain the same pigment as a mechanism for the large-field color discrimination of the single-L/M-gene subjects. However, it is not understood how the putative differences in optical density come about. Current optical density-based models require a mechanism that distributes optical density differences among the cones and produces two relatively discrete populations of cones with different optical densities (Sanocki et al., 1897) . In addition, such models need to account for the wide variation of large-field match ranges observed among these single-L/M-gene subjects. Finally, empirical verification of this model requires that predictions from an independent measure of optical density differences be compared with color matching performance.
Variations in retinal homogeneity
A final possibility is that retinal inhomogeneities such as small variations in inert pre-receptoral pigments or photopigment optical densities across the retina may provide a signal for discrimination. Such variations should make the field itself appear inhomogenous and introduce changes in luminance as well as color differences.
If such cues are being used, then it is possible that the everyday color vision of these subjects is more impoverished than suggested by the large-field Rayleigh match. Furthermore, these subjects have probably been using such cues to make discriminations during their entire lives and in this way are highly practiced. Other indicators of color vision capabilities such as measurement of wavelength discrimination functions (Pokorny et al., 1979) or performance on psuedoisochromatic style tests (Neitz, Neitz & Kainz, 1996) , which reduce the effectiveness of cues from field inhomogeneity, may provide a more realistic characterization of the quality of functional everyday color vision in single-L/M-gene subjects.
In summary, these experiments have shown that neither rod intrusion nor contribution from normal S cones are sufficient explanations for the chromatic discriminations of single-L/M-gene subjects. In addition, flicker ERG analyses provide no evidence for the presence of a novel pigment in the mid-to long-wavelength spectral region in single-L/M-gene subjects; and molecular genetic analysis reveals no evidence for the presence of shifted S cones. We have thus reduced the range of possible explanations of why some single-L/M-gene subjects make small-field discriminations and most small-field dichromats make large-field Rayleigh discriminations. At present, variations in pigment optical density and/or retinal inhomogeneities remain likely explanations for these discriminations.
